Introduction {#s1}
============

The assembly of nucleosomes is necessary for the regeneration of chromatin following DNA replication, transcription, and DNA repair, and is an active ATP-driven process, as originally discovered by Worcel et al. ([@bib15]; [@bib29]). Nucleosome assembly is facilitated by the combined activities of ATP-dependent motor proteins (reviewed in [@bib17]; [@bib23]) and histone chaperones (reviewed in [@bib7]; [@bib5]; [@bib8]; [@bib27]; [@bib2]; [@bib9]; [@bib4]). Histone chaperones initially deposit core histones onto DNA to form non-nucleosomal histone--DNA intermediates (prenucleosomes), which can then be converted into periodic arrays of canonical nucleosomes by ATP-driven motor proteins ([@bib34]).

ATP-dependent factors that participate in chromatin assembly include Chd1 (chromo-ATPase/helicase-DNA-binding protein 1), ATRX (alpha thalassemia/mental retardation syndrome X-linked), and several ISWI (imitation switch)-containing complexes, such as ACF (ATP-utilizing chromatin assembly and remodeling factor), CHRAC (chromatin accessibility complex), RSF (remodeling and spacing factor), and ToRC (Toutatis-containing chromatin remodeling complex) ([@bib18]; [@bib35]; [@bib22]; [@bib24]; [@bib21]; [@bib10]). These motor proteins exhibit both chromatin assembly and remodeling activities, and are members of the SNF2 (sucrose non-fermenting 2) protein family, which comprises the ATPases that are known to be involved in chromatin remodeling (reviewed in [@bib6]; [@bib11]; [@bib16]; [@bib30]). With the Chd1, ACF, and ToRC motor proteins, it has been shown that efficient chromatin assembly requires both a histone chaperone (such as NAP1) and the motor protein ([@bib18], [@bib19]; [@bib24]; [@bib10]). Hence, the Chd1, ACF, and ToRC motor proteins are not able to catalyze chromatin assembly in the absence of a histone chaperone. To determine whether nucleosome assembly requires the ability to reposition nucleosomes, we examined the properties of mutant Chd1 proteins that are defective for chromatin remodeling activity yet retain a substantial amount of their ATPase activity ([@bib25]). These studies have enabled us to identify functionally distinct roles of chromatin assembly and remodeling in the formation of periodic nucleosome arrays.

Results and discussion {#s2}
======================

Chromatin remodeling-defective Chd1 motor proteins can assemble nucleosomes {#s2-1}
---------------------------------------------------------------------------

To investigate the relation between ATP-dependent chromatin assembly and ATP-dependent chromatin remodeling, we analyzed two mutant versions of *Saccharomyces cerevisiae* Chd1 (yChd1) that exhibit substantial (∼40% of wild-type) nucleosome-stimulated ATPase activity but are nearly completely deficient (\<0.1% of wild-type) in chromatin remodeling activity, as assessed by the nucleosome sliding assay ([@bib25]). These chromatin remodeling-defective yChd1 proteins contain either a deletion of residues 932--940 (Δ932--940) or a Trp^932^ to Ala substitution (W932A; [Figure 1A](#fig1){ref-type="fig"}). The Δ932--940 and W932A mutations of yChd1 block its ability to couple ATPase activity to nucleosome remodeling/sliding, but still allow for robust ATPase activity. In contrast, deletions of more C-terminal regions of yChd1 (ranging from residues 939--1010) cause the near complete loss of the ATPase activity ([@bib25]; [@bib31]). Hence, for our analysis, we employed the Δ932--940 and W932A mutant yChd1 proteins.10.7554/eLife.00863.003Figure 1.ATP-dependent nucleosome assembly is functionally distinct from chromatin remodeling.(**A**) Diagram of Chd1 and the conserved coupling region. The numbers below the schematic diagram and above the amino acid sequences indicate positions in *S. cerevisiae* Chd1 (yChd1). (**B**) Chromatin remodeling-defective mutant yChd1 proteins (yChd1Δ932--940; yChd1W932A) can assemble nucleosomes in an ATP-dependent manner. Chromatin assembly reactions were performed with wild-type or mutant yChd1 proteins (120 nM) in the presence of either adenylyl-imidodiphosphate (AMP-PNP) or ATP. The efficiency of nucleosome assembly was monitored by the DNA supercoiling assay. The positions of supercoiled (SC), relaxed (Rel), and nicked open circular (N) DNAs are indicated. (**C**) Quantitative analysis of the efficiency of nucleosome assembly by mutant vs wild-type yChd1 proteins. Chromatin assembly reactions with yChd1 proteins were analyzed by the DNA supercoiling assay. The change in % supercoiling (\[Δ supercoiled DNA/total DNA) × 100%) vs concentration of yChd1 (nM) is shown. The results are presented as the mean ± standard deviation (*N* ≥ 3). (**D**) Agarose gel electrophoresis of DNA fragments derived from chromatin assembled with wild-type or mutant yChd1 proteins. Chromatin assembly reactions were carried out as in (**B**), except that the concentration of Chd1 proteins was 60 nM. The reaction products were digested extensively with micrococcal nuclease (MNase) and subsequently deproteinized. The resulting DNA fragments were resolved on a 3% agarose gel and visualized by staining with ethidium bromide. The arrows indicate the position of DNA fragments derived from core particles. (**E**) Native nucleoprotein gel analysis of nucleosomes assembled with wild-type or mutant yChd1 proteins. Chromatin assembly reactions were carried out as in (**D**). The reaction products were digested extensively with MNase; the resulting nucleoprotein complexes were subjected to electrophoresis on a nondenaturing 5% polyacrylamide gel; and the DNA was stained with Sybr Green I (Invitrogen). The positions of core particles (CP) and dinucleosomes (D) are indicated.**DOI:** [http://dx.doi.org/10.7554/eLife.00863.003](10.7554/eLife.00863.003)

We first examined whether the chromatin remodeling-defective yChd1 proteins are able to function in the ATP-dependent assembly of nucleosomes. To this end, we used the purified, defined ATP-dependent chromatin assembly system that consists of NAP1, core histones, Chd1, ATP, and relaxed DNA ([@bib24]). Chromatin assembly requires both the Chd1 motor protein as well as the NAP1 histone chaperone ([@bib24]). The extent of nucleosome assembly was monitored by the DNA supercoiling assay, in which the change in the linking number of DNA that occurs upon formation of nucleosomes in the presence of topoisomerase I is observed ([@bib14]; [@bib33]). In these experiments, we observed that the mutant yChd1 proteins are able to assemble nucleosomes in an ATP-dependent manner ([Figure 1B](#fig1){ref-type="fig"}). In the presence of adenylyl imidodiphosphate (AMP-PNP), a β-γ-non-hydrolyzable analog of ATP, chromatin assembly was not observed. The extent of nucleosome assembly by the mutant proteins was about 65% of that of wild-type yChd1 ([Figure 1C](#fig1){ref-type="fig"}).

We further tested whether the mutant yChd1 proteins catalyze the formation of nucleosomes by micrococcal nuclease (MNase) digestion analysis. First, we extensively digested the reaction products with MNase, deproteinized the samples, and analyzed the resulting DNA fragments by agarose gel electrophoresis ([Figure 1D](#fig1){ref-type="fig"}). With the wild-type as well as the mutant yChd1 proteins, we observed the ATP-dependent formation of DNA fragments corresponding to the length of a core particle. However, in the absence of ATP, particularly with the mutant yChd1 proteins, there were DNA fragments that are longer than those obtained in the presence of ATP. We therefore examined whether or not the species formed in the absence of ATP contained canonical nucleosomes by nondenaturing gel electrophoresis of the MNase digestion products ([Figure 1E](#fig1){ref-type="fig"}). In this assay, we observed ATP-dependent stimulation of the formation of core particles by wild-type as well as mutant yChd1 proteins. Thus, the mutant yChd1 proteins catalyze the ATP-dependent formation of nucleosomes, as assessed by the generation of chromatin that yields core particles upon extensive MNase digestion.

To determine the relative rates of chromatin assembly by the wild-type and mutant yChd1 proteins, we performed kinetic analyses and found that the initial rates of nucleosome assembly by the Δ932--940 and W932A proteins were approximately 8.5% and 12% of the rate of wild-type yChd1 ([Figure 2](#fig2){ref-type="fig"}). Hence, the chromatin-remodeling defective yChd1 proteins exhibit substantial ATP-driven nucleosome assembly activity (∼10% of the rate of wild-type yChd1) that is at least 100-fold higher than their ATP-driven chromatin remodeling/sliding activity (\<0.1% of wild-type yChd1). The properties of wild-type and mutant yChd1 proteins indicate that the ATP-dependent catalysis of nucleosome assembly appears to be a functionally distinct process from the ATP-dependent remodeling of chromatin.10.7554/eLife.00863.004Figure 2.Analysis of the initial rates of nucleosome assembly by the wild-type, W932A, and Δ932--940 yChd1 proteins.The initial rates were measured as change in % supercoiling (\[Δ supercoiled DNA/total DNA\] × 100%)/(nM protein) vs time (min). The table summarizes the nucleosome assembly rates as mean ± standard deviation (N = 3). The relative rates are given with respect to that of the wild-type protein.**DOI:** [http://dx.doi.org/10.7554/eLife.00863.004](10.7554/eLife.00863.004)

Chromatin remodeling-defective Chd1 proteins do not yield periodic nucleosomes {#s2-2}
------------------------------------------------------------------------------

Because ATP-dependent chromatin assembly factors such as Chd1 are able to catalyze the formation of regularly-spaced nucleosome arrays (e.g., [@bib18]; [@bib35]; [@bib22]; [@bib24]; [@bib21]; [@bib10]), we examined the periodicity of the nucleosomes assembled by the mutant yChd1 proteins by using the partial MNase digestion assay. These experiments revealed that the chromatin remodeling-defective yChd1 proteins are unable to generate periodic arrays of nucleosomes ([Figure 3](#fig3){ref-type="fig"}). However, because the mutant yChd1 proteins are not fully active for nucleosome assembly ([Figures 1 and 2](#fig1 fig2){ref-type="fig"}), it was difficult to attribute the absence of periodic nucleosome arrays in the MNase assay ([Figure 3](#fig3){ref-type="fig"}) to decreased efficiency of assembly or to a defect in the formation of periodic nucleosome arrays.10.7554/eLife.00863.005Figure 3.Chromatin remodeling-defective yChd1 proteins are unable to generate arrays of evenly-spaced nucleosomes during chromatin assembly.(**A**) Chromatin assembly reactions were performed with wild-type or mutant yChd1 proteins (30 nM) in the presence of AMP-PNP or ATP. The reaction products were subjected to partial MNase digestion analysis. (**B**) Chromatin assembly reactions were performed with the indicated concentrations of yChd1 proteins and then subjected to partial MNase digestion analysis.**DOI:** [http://dx.doi.org/10.7554/eLife.00863.005](10.7554/eLife.00863.005)

To determine the ability of the mutant yChd1 proteins to yield periodic nucleosome arrays, we employed a nucleosome spacing assay, which is depicted in [Figure 4A](#fig4){ref-type="fig"}. In this assay, the extent of ATP-dependent conversion of randomly-distributed nucleosomes (formed by the salt-dialysis method) to evenly-spaced nucleosome arrays was monitored by the partial MNase digestion assay. As seen in [Figure 4B](#fig4){ref-type="fig"}, the mutant yChd1 proteins are defective in the ATP-dependent formation of periodic nucleosome arrays. To quantitate the ATP-dependent catalysis of nucleosome spacing, we devised a nucleosome spacing index ([Figure 4C](#fig4){ref-type="fig"}) that measures the formation of distinct di- and tri-nucleosome MNase digestion bands. The spacing index increases with the periodicity of the chromatin, and can be used for the comparison of series of samples that are under identical electrophoretic conditions. For example, quantitation of the nucleosome spacing data in [Figure 4B](#fig4){ref-type="fig"} reveals that wild-type yChd1 has strong ATP-dependent spacing activity, whereas the mutant yChd1 proteins exhibit little or no spacing activity ([Figure 4D](#fig4){ref-type="fig"}). The essentially complete absence of spacing activity in the mutant yChd1 proteins was further observed in experiments that were carried out with concentrations of yChd1 proteins ranging from 2--120 nM ([Figure 4E](#fig4){ref-type="fig"}). (Examination of the spacing index also reveals that the periodicity of the partial MNase digestion array slightly decreases upon addition of Chd1 proteins in the presence of AMP-PNP. This effect may be due to the blockage of MNase digestion by static nonproductive binding of the Chd1 to DNA.) Hence, the mutant yChd1 proteins are able to catalyze the ATP-dependent assembly of nucleosomes, but are not able to mediate the ATP-dependent formation of regularly-spaced nucleosomes.10.7554/eLife.00863.006Figure 4.The chromatin remodeling-defective yChd1 proteins are not able to catalyze the formation of regularly-spaced nucleosomes.(**A**) Schematic representation of the nucleosome spacing reaction. Randomly-distributed nucleosomes were generated by salt dialysis reconstitution of chromatin. Wild-type or mutant Chd1 protein was added along with ATP, and the reaction products were characterized by partial MNase digestion analysis. (**B**) Mutant yChd1 proteins do not reposition nucleosomes into periodic arrays. Spacing reactions were performed by incubating salt-dialysis chromatin with wild-type or mutant yChd1 proteins (30 nM) in the presence of either AMP-PNP or ATP. The reaction products were characterized by partial MNase digestion analysis. (**C**) Determination of the spacing index. Agarose gels from nucleosome spacing reactions were stained by ethidium bromide and then subjected to imaging and analysis on ImageQuantTL (GE) to obtain densiometry scans. The spacing index is the average height of the di- and tri-nucleosome peaks (\[P2 + P3)/2) minus the height of the valley (V3) between the peaks, as indicated by the formula shown in the figure. (**D**) Quantitative analysis of nucleosome spacing by wild-type and mutant yChd1 proteins. The spacing indices were determined for the products of reactions such as those shown in (**B**). The results are presented as the mean ± standard deviation (*N* = 6). (**E**) The chromatin remodeling-defective yChd1 proteins exhibit little to no activity in the nucleosome spacing assay at different concentrations. Nucleosome spacing reactions were performed with yChd1 proteins and subjected to partial MNase digestion analysis. The graph depicts the average spacing index ± standard deviation (*N* = 4) vs concentration (nM) for each of the indicated proteins.**DOI:** [http://dx.doi.org/10.7554/eLife.00863.006](10.7554/eLife.00863.006)

The distinction between chromatin assembly and remodeling by Chd1 is conserved {#s2-3}
------------------------------------------------------------------------------

To determine whether the functionally distinct chromatin assembly and remodeling functions of Chd1 are conserved from yeast to metazoans, we generated and purified mutant versions of *Drosophila melanogaster* Chd1 (dChd1) that correspond to the mutant yChd1 proteins ([Figures 1A and 5A](#fig1 fig5){ref-type="fig"}). Specifically, dChd1 Δ1099--1107 is analogous to yChd1 Δ932--940, and dChd1 W1099A is analogous to yChd1 W932A. Similar to that seen with the yChd1 proteins, the nucleosome-stimulated ATPase activities of the mutant dChd1 proteins are 37--38% of the wild-type activity, whereas the ATP-dependent chromatin remodeling activity of each of the mutant dChd1 proteins is about 2% of that of the wild-type protein ([Table 1](#tbl1){ref-type="table"}). The chromatin remodeling-defective dChd1 proteins exhibit substantial (∼65% of wild-type) ATP-dependent nucleosome assembly activity, as measured by the DNA supercoiling assay ([Figure 5B](#fig5){ref-type="fig"}), but are not able to convert naked DNA into periodic nucleosome arrays in chromatin assembly assays ([Figure 5C](#fig5){ref-type="fig"}) or to catalyze the ATP-dependent spacing of nucleosome ([Figure 5D](#fig5){ref-type="fig"}). The magnitudes of the differences between the assembly and remodeling activities of the wild-type vs mutant dChd1 proteins is not as large as those seen with yChd1. Nevertheless, it is evident that the functional distinction between nucleosome assembly and remodeling/sliding/spacing in Chd1 is conserved from yeast to *Drosophila*.10.7554/eLife.00863.007Figure 5.ATP-dependent nucleosome assembly is observed with chromatin remodeling-defective *Drosophila* Chd1 (dChd1) proteins.(**A**) Purification of recombinant wild-type and mutant dChd1. The purified proteins were analyzed by polyacrylamide-SDS gel electrophoresis and visualized by staining with Coomassie Blue. (**B**) Chromatin remodeling-defective dChd1 proteins can assemble nucleosomes in an ATP-dependent manner. Chromatin assembly reactions were performed with wild-type or mutant dChd1 proteins (60 nM) in the presence of either AMP-PNP or ATP. The reaction products were analyzed by the DNA supercoiling assay. The positions of supercoiled (SC), relaxed (Rel), and nicked open circular (N) DNAs are indicated. (**C**) Chromatin assembly with remodeling-defective dChd1 proteins does not yield regularly-spaced nucleosomes. Chromatin assembly reactions were performed with wild-type or mutant dChd1 proteins (60 nM) in the presence of either AMP-PNP or ATP. Reaction products were subjected to partial MNase digestion analysis. (**D**) The chromatin remodeling-defective dChd1 proteins exhibit reduced nucleosome spacing activity. Spacing assays were performed with dChd1 proteins and subjected to partial MNase digestion analysis. This graph depicts the mean spacing index ± standard deviation (*N* = 3) vs concentration (nM).**DOI:** [http://dx.doi.org/10.7554/eLife.00863.007](10.7554/eLife.00863.007)10.7554/eLife.00863.008Table 1.Nucleosome sliding and ATP hydrolysis activities of wild-type and mutant dChd1 proteins**DOI:** [http://dx.doi.org/10.7554/eLife.00863.008](10.7554/eLife.00863.008)dChd1 proteinNucleosome sliding activityATP hydrolysis activity (stimulated by DNA)ATP hydrolysis activity (stimulated by nucleosomes)k~cat~ (min^−1^)Relative rate (%)k~cat~ (min^−1^)Relative rate (%)k~cat~ (min^−1^)Relative rate (%)**Wild-type**2.2±0.210061±2100115±3100**W1099A**0.045±0.0092.0±0.434±256±344±338±3**Δ1099--1107**0.039±0.0111.8±0.530±249±342±437±3

ATP-dependent chromatin remodeling is not sufficient for nucleosome assembly {#s2-4}
----------------------------------------------------------------------------

The analysis of the mutant Chd1 proteins indicated that ATP-dependent chromatin assembly does not require chromatin remodeling activity. It remained formally possible, however, that chromatin remodeling is sufficient for chromatin assembly. To test this notion, we carried out parallel chromatin remodeling and assembly reactions with purified yChd1 (as a positive control/reference) and purified human Brg1 (hBrg1; also known as SMARCA4), which is a SNF2-like family ATPase found in human SWI/SNF chromatin remodeling complexes (reviewed in [@bib6]; [@bib11]; [@bib16]; [@bib30]). The purified hBrg1 protein is active for chromatin remodeling (e.g., [@bib26]). By using the restriction enzyme accessibility assay for chromatin remodeling (e.g., as in [@bib35]; [@bib3]; [@bib32]; [@bib1]), we found that remodeling activity of yChd1 was comparable to that of hBrg1 over a range of concentrations ([Figure 6A](#fig6){ref-type="fig"}). We then performed chromatin assembly reactions with the same concentrations of factors, and found that hBrg1 did not assemble chromatin under conditions in which efficient chromatin assembly was observed with the yChd1 control ([Figure 6B](#fig6){ref-type="fig"}). Moreover, the hBrg1 caused a decrease in the supercoiling of DNA, which may be related to the nucleosome disruption activity of the SWI/SNF complex (e.g., [@bib20]). These results thus show that ATP-dependent chromatin remodeling does not necessarily result in the formation of nucleosomes from histones, histone chaperone (NAP1), DNA, and ATP.10.7554/eLife.00863.009Figure 6.The Brg1 chromatin remodeling factor does not catalyze chromatin assembly.(**A**) Purified human Brg1 (hBrg1) has a specific activity for chromatin remodeling that is similar to that of wild-type yChd1. Restriction accessibility assays were performed with salt dialysis-reconstituted chromatin with Hae III restriction enzyme and the indicated concentrations of either yChd1 or hBrg1. Naked DNA was used as a reference. After digestion with Hae III, the nucleic acids were deproteinized, subjected to agarose gel electrophoresis, and then visualized by staining with ethidium bromide. (**B**) Brg1 does not assemble chromatin. Chromatin assembly reactions were performed with the indicated concentrations of yChd1 or hBrg1, and the extent of chromatin assembly was monitored by the DNA supercoiling assay.**DOI:** [http://dx.doi.org/10.7554/eLife.00863.009](10.7554/eLife.00863.009)

Two ATP-dependent processes yield periodic nucleosome arrays during assembly {#s2-5}
----------------------------------------------------------------------------

In the context of chromatin assembly, our findings suggest that two ATP-dependent processes are involved in the formation of periodic arrays of nucleosomes ([Figure 7](#fig7){ref-type="fig"}). First, an ATP-driven chromatin assembly activity generates randomly-distributed nucleosomes from histones, histone chaperone(s), and DNA, probably via a prenucleosome intermediate ([@bib34]). Then, the randomly-distributed nucleosomes are converted into periodic nucleosome arrays via an ATP-driven nucleosome spacing (remodeling) activity. Although we depict the two processes separately, they may occur concurrently with wild-type Chd1. The basis for the formation of periodic nucleosomes as the final product of chromatin assembly is not known, but it is possible that attractive forces between nucleosomes are maximized when the nucleosomes are arranged and/or compacted in a periodic array. In addition, the internucleosomal spacing may be influenced by the interaction of the factors with DNA.10.7554/eLife.00863.010Figure 7.A model for the functions of ATP-driven nucleosome assembly and remodeling activities in the assembly of chromatin.In this model, nucleosomes can be assembled by an ATP-dependent motor protein in the essentially complete absence of chromatin remodeling activity, as seen with the mutant Chd1 proteins. The resulting nucleosomes are, however, randomly distributed throughout the DNA template. These randomly-distributed nucleosomes can be converted into periodic nucleosome arrays by an ATP-dependent nucleosome remodeling (spacing) activity that can be distinguished from the chromatin assembly activity. These processes may occur concurrently with the wild-type Chd1.**DOI:** [http://dx.doi.org/10.7554/eLife.00863.010](10.7554/eLife.00863.010)

In this process, it might be expected that the individual rates of nucleosome assembly and nucleosome spacing would be at least as fast as the overall rate of assembly of periodic nucleosome arrays. We therefore compared the relative rates of the following: (i) nucleosome assembly (from naked DNA to randomly-distributed nucleosomes; first step in [Figure 7](#fig7){ref-type="fig"}); (ii) nucleosome spacing (from randomly-distributed nucleosomes to periodic nucleosomes; second step in [Figure 7](#fig7){ref-type="fig"}); and (iii) the overall assembly of naked DNA into periodic nucleosome arrays (both steps in [Figure 7](#fig7){ref-type="fig"}). We performed each of these processes under identical conditions ([Figure 8](#fig8){ref-type="fig"}), and found that the individual rates of nucleosome assembly and nucleosome spacing are indeed faster than the overall rate of assembly of spaced nucleosomes. Hence, the chromatin assembly process depicted in [Figure 7](#fig7){ref-type="fig"} is compatible with the kinetic data.10.7554/eLife.00863.011Figure 8.The individual rates of nucleosome formation and spacing are faster than the overall rate of assembly of periodic arrays of nucleosomes.(**A**) Determination of the rates of nucleosome formation, nucleosome spacing, and assembly of regularly-spaced nucleosomes. Nucleosome formation in chromatin assembly reactions was monitored by using the DNA supercoiling assay. The positions of supercoiled (SC), relaxed (Rel), and nicked open circular (N) DNAs are indicated. Nucleosome spacing reactions were analyzed by partial MNase digestion analysis. The overall assembly of periodic arrays of nucleosomes was determined by performing chromatin assembly reactions and analyzing the reaction products by partial MNase digestion analysis. All reactions were performed with wild-type yChd1 at 30 nM. (**B**) Quantitation of the nucleosome formation and spacing assays, such as those shown in (**A**). The figure displays the change in % supercoiling (\[Δ supercoiled DNA/total DNA\] × 100%) and spacing indices vs reaction time (min). The reactions followed first-order kinetics, and the first-order rate constants (min^−1^) and half-times for reaction (t~1/2~, min) are given in the table. The data points are presented as mean ± standard deviation (*N* = 3), and are depicted with the plots of the first order curves (*r*^*2*^ \> 0.95 for all graphs).**DOI:** [http://dx.doi.org/10.7554/eLife.00863.011](10.7554/eLife.00863.011)

Summary and perspectives {#s2-6}
------------------------

In this study, we observed a conserved functional distinction between ATP-dependent nucleosome assembly and ATP-dependent chromatin remodeling by Chd1. Specifically, the ATP-dependent assembly of nucleosomes by Chd1 occurs in the near complete absence of ATP-dependent chromatin remodeling. Hence, these findings revealed a level of specificity in the role of ATP-dependent motor proteins in chromatin assembly that had not been previously anticipated. In addition, the ATP-dependent chromatin remodeling protein, human Brg1, does not assemble nucleosomes. We further examined the ability of the chromatin remodeling-defective Chd1 proteins to function in the assembly of periodic nucleosome arrays. The results suggest a process ([Figure 7](#fig7){ref-type="fig"}) in which randomly-distributed canonical nucleosomes are generated by the nucleosome assembly function of Chd1 and are then converted into regularly-spaced nucleosome arrays by the chromatin remodeling/spacing/sliding activity of Chd1. This model for chromatin assembly should provide a useful framework for the analysis of the regeneration of nucleosomes during the many processes in the eukaryotic nucleus that involve the disassembly and reassembly of chromatin.

Materials and methods {#s3}
=====================

Protein purification {#s3-1}
--------------------

*D. melanogaster* NAP1 and topoisomerase I (ND432 N-terminally truncated form containing the catalytic domain) were purified as described ([@bib12]). Native *D. melanogaster* core histones were purified from embryos by the method of [@bib13]. Wild-type and mutant (internal deletion Δ932--940 and point mutant W932A) forms of truncated *S. cerevisiae* Chd1 (amino acids 118--1274), which possesses the core chromodomains, ATPase motor, and DNA-binding domain, were synthesized in bacteria and purified, as described ([@bib25]). Human Brg1 was purified as described previously ([@bib26]).

The coding sequence for full-length *D. melanogaster* Chd1 was subcloned into pDEST17 vectors (Invitrogen, Carlsbad, CA). The internal deletion (Δ1099--1107) and single amino acid substitution (W1099A) constructs were generated by PCR. The *D. melanogaster* Chd1 proteins were synthesized in *Escherichia coli* BL21-star (DE3) cells (Invitrogen) containing two additional plasmids---a trigger factor chaperone overexpression plasmid (Li Ma and Guy Montelione, Rutgers University) and the RIL plasmid for rare tRNAs (Stratagene, Santa Clara, CA). Two liters of bacterial culture were grown at 37°C to A~600~ ∼0.5--0.6 and induced with 0.5 mM IPTG. The cells were incubated at 17°C for 18 hr, harvested, and sonicated in Buffer A (50 mM Tris-HCl, pH 7.5, 2 mM MgCl~2~, 500 mM NaCl, 10% \[vol/vol\] glycerol, 10 mM β-mercaptoethanol, 1 mM benzamidine, and 0.2 mM PMSF) containing 10 mM imidazole. The lysate was cleared by centrifugation (20 min; 45,000×*g*; 4°C) and mixed with 3 ml Ni-NTA agarose (Qiagen, Germantown, MD). After incubation on a rotating wheel for 3 hr at 4°C, the resin was loaded into a disposable 20-ml polypropylene column and washed with 30 column volumes of Buffer A containing 10 mM imidazole. His-tagged Chd1 was then eluted with 10 ml of Buffer A containing 300 mM imidazole. Following concentration with an Amicon Ultra-15 (30 kDa nominal molecular weight limit) Centrifugal Filter Unit (Millipore, Billerica, MA), Chd1 was applied to a Superdex 200 prep grade (GE Healthcare, Piscataway, NJ) size exclusion column (\[column volume, 120 ml\]; column dimensions \[diameter × length\], 1.6 cm × 60 cm; flow rate, 1.0 ml/min) and eluted with 1.5 column volumes of Buffer B (50 mM Tris-HCl, pH 7.5, 2 mM MgCl~2~, 10% \[vol/vol\] glycerol, 10 mM β-mercaptoethanol, 1 mM benzamidine, and 0.2 mM PMSF) containing 300 mM NaCl. The peak fractions were analyzed by polyacrylamide-SDS gel electrophoresis, pooled, and dialyzed against Buffer B containing 100 mM NaCl. The resulting sample was applied to a Source 15S (GE Healthcare) cation exchange column (\[column volume, 1.0 ml\]; column dimensions \[diameter × length\], 0.5 cm × 5 cm; flow rate, 1.0 ml/min). The column was washed with 10 column volumes of 100 mM NaCl in Buffer B, and the protein was eluted with a linear gradient (12 column volumes) from 100 mM to 1 M NaCl in Buffer B. Peak fractions were pooled and dialyzed against Buffer B containing 50 mM NaCl.

Chromatin assembly {#s3-2}
------------------

Chromatin assembly reactions were performed as described previously ([@bib12]; [@bib24]). All reactions contained core histones (0.353 µg), NAP1 (1.4 µg), relaxed circular DNA plasmid (0.294 µg), ATP (3 mM), topoisomerase I (1 nM), and an ATP regeneration system (3 mM phosphoenolpyruvate, 20 U/µl pyruvate kinase) in a final volume of 70 µl. The buffer composition of the final reaction mixture was as follows: 15 mM Hepes (K^+^), pH 7.6, 3 mM Tris, 100 mM KCl, 5 mM NaCl, 5.5 mM MgCl~2~, 0.1 mM EDTA, 6.6% (vol/vol) glycerol, 1% (wt/vol) polyvinyl alcohol (average MW 10,000), 1% (wt/vol) polyethylene glycol 8000, and 20 µg/ml bovine serum albumin. The reaction products were analyzed by DNA supercoiling and partial MNase digestion assays ([@bib12]) as well as by extensive MNase digestion of the reaction products followed by agarose gel electrophoresis of DNA fragments (e.g., [@bib34]) or native nucleoprotein gel electrophoresis of chromatin particles ([@bib36]). The percent supercoiling (\[amount of supercoiled DNA/amount of total DNA species\] × 100%) in the DNA supercoiling assays was quantified with ImageQuantTL (GE Healthcare). Because it is not possible to ascertain the fraction of nicked DNA that is packaged into chromatin, we included the nicked DNA in the 'amount of total DNA species' but not in the 'amount of supercoiled DNA'. Therefore, 'percent supercoiling' reflects the amount of closed circular plasmid DNA that is packaged into chromatin and does not include the nicked DNA that is packaged into chromatin.

Nucleosome spacing assays {#s3-3}
-------------------------

Nucleosomes were reconstituted onto plasmid DNA by the salt-dialysis method and purified by sucrose gradient sedimentation. The resulting chromatin (0.147 µg of DNA) was incubated with topoisomerase I (1 nM), ATP (3 mM), an ATP regeneration system (3 mM phosphoenolpyruvate, 20 U/µl pyruvate kinase), and Chd1 proteins in a final volume of 35 µl. The reaction medium was identical to that used for chromatin assembly. The reaction products were analyzed by partial MNase digestion assays ([@bib12]).

Calculation of the spacing index {#s3-4}
--------------------------------

Chromatin assembly and nucleosome spacing reactions were subjected to partial MNase digestion analysis. Gels were imaged and analyzed with ImageQuantTL (GE Healthcare) to obtain densitometry scans of the ethidium-stained bands. Following subtraction of background staining, three heights in the signal were determined: the maximum of the peak corresponding to dinucleosomes (P2), the maximum of the peak corresponding to trinucleosomes (P3), and the minimum of the valley between these two peaks (V2). The spacing index was calculated by using the following equation: (0.5)(P2 + P3) − V2.

Nucleosome sliding assays {#s3-5}
-------------------------

Nucleosomes were reconstituted by the gradient salt dialysis method by using *S. cerevisiae* core histones and a FAM-labeled 208 bp fragment with a 601 nucleosome positioning sequence at one end ([@bib25]). Nucleosomes were purified over a mini prep-cell (Bio-Rad, Hercules, CA). Sliding reactions, which monitor the Chd1-catalyzed movement of nucleosomes on a 208 bp DNA fragment, were performed as previously described ([@bib25]), with 0-N-63 nucleosomes (100 nM) incubated with dChd1 proteins (100 nM) in buffer containing 20 mM Hepes-K^+^, pH 7.6, 50 mM KCl, 1 mM DTT, 0.1 mM EDTA, 5% sucrose, 0.1 mg/ml BSA, 2.5 mM ATP, and 5 mM MgCl~2~. Reactions were carried out at 23°C and quenched at the indicated times with a stop solution containing 25 mM EDTA and 2 mg/ml DNA. Changes in nucleosome positions over time were resolved by native polyacrylamide gels, and quantified with ImageJ. Data are averages of three or more separate experiments, and sliding rates were calculated from single exponential fits to data.

ATP hydrolysis assay {#s3-6}
--------------------

ATPase rates were determined using an NADH-coupled assay as previously described ([@bib25]). Briefly, dChd1 proteins (50 nM) were incubated in the absence or presence of DNA or nucleosome substrates up to 500 nM concentration. Substrates were the same 208 bp DNA fragment either alone or reconstituted into nucleosomes with yeast histones. Data were fit to the Michalis-Menton equation in Kaleidagraph, k~obs~ = (k~cat~)\[S\]/(Km + \[S\]), where \[S\] is the initial concentration of substrate. The DNA- and nucleosome-stimulated rate constants were subtracted from the basal rate constants in the absence of substrates, which were on the order of 10--30 min^−1^.

Restriction enzyme accessibility assay {#s3-7}
--------------------------------------

Restriction enzyme accessibility assays were performed as described previously ([@bib1]; [@bib28]).
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elife.elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "ATP-dependent Chromatin Assembly Is Functionally Distinct from Chromatin Remodeling" for consideration at *eLife*. Your article has been favorably evaluated by a Senior editor and 3 reviewers, one of whom is a member of our Board of Reviewing Editors.

The Reviewing editor and the other two reviewers discussed their comments before we reached a decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

We believe the work will advance the field and thus we invite you to resubmit a revised manuscript addressing the following issues:

Though the Chd1 Δ932-940 and W932A mutants are capable of hydrolyzing ATP, they essentially function as 'histone chaperones' of a sort since they are defective for chromatin remodeling. However, the authors suggest that ATP accentuates Chd1 chromatin assembly in these mutants, yet these assays include the NAP1 histone chaperone. In spite of having BRG1 as a control, the idea that the chromatin assembly function of CHD1 by itself requires ATP may need further verification. Though careful titration of histones would be needed, would the absence of NAP1 in the actual Chd1 chromatin assembly assays still result in higher chromatin assembly levels in the presence of ATP? Would the levels still be different between the wild-type and mutant proteins? What if these mutants were combined with ATPase-defective mutations? Would any chromatin assembly be observed if NAP1 is not present? The usage of ATP could really differentiate the chromatin assembly mechanisms per se of ATP-dependent chromatin remodelers and histone chaperones, and the question is therefore important.

Additionally, nucleosome assembly is monitored solely by the change in negative supercoiling in 1D gels. Thus, it is not clear how many nucleosomes are being assembled in these reactions. Typically 2D gels are the gold standard for assembly reactions, and if a 2D gel system was used, the authors could actually quantify the number of nucleosomes/nM Chd1/min; numbers that are more informative and accurate.

With the exception of the 1D supercoiling analysis, there is little evidence that the altered Chd1 is actually assembling nucleosomes. In the MNase digestion assays, there is virtually no difference in the MNase ladders -/+ Chd1. It looks like chaperone by itself. In fact, in some cases the chaperone only lanes produce fairly good tri-nucleosome arrays. Even with Chd1, there is quite a bit of subnucleosomal product generated at fairly low MNase concentrations. The authors should present a longer MNase digestion series until the limit digest is observed.

\[Editors' note: the authors requested clarification from the editors, which is shown below.\]

1\) First, the manuscript (and title) seem to imply at times that CHD1 alone has chromatin assembly functions, hence comment 1. The authors should simply emphasize throughout the text that the CHD1 chromatin assembly function requires a histone chaperone and cannot be performed in vitro by CHD1 alone. With that information in mind, it will be pointless for them to repeat CHD1 chromatin assembly with mutant CHD1.

2\) Regarding the information garnered from 1D vs. 2D gels. Though 2D gels may provide more information, you are right in saying it is unlikely to change the conclusion of this manuscript. It may however help with the following comment.

3\) Unfortunately, the reviewer is correct in stating that the main evidence suggesting chromatin assembly in mutant CHD1 solely relies on the DNA supercoiling analyses. Though technically challenging, a second technique unambiguously concluding the same therefore remains high desirable.

10.7554/eLife.00863.013

Author response

*Though the Chd1 Δ932-940 and W932A mutants are capable of hydrolyzing ATP, they essentially function as 'histone chaperones' of a sort since they are defective for chromatin remodeling. However, the authors suggest that ATP accentuates Chd1 chromatin assembly in these mutants, yet these assays include the NAP1 histone chaperone. In spite of having BRG1 as a control, the idea that the chromatin assembly function of CHD1 by itself requires ATP may need further verification. Though careful titration of histones would be needed, would the absence of NAP1 in the actual Chd1 chromatin assembly assays still result in higher chromatin assembly levels in the presence of ATP? Would the levels still be different between the wild-type and mutant proteins? What if these mutants were combined with ATPase-defective mutations? Would any chromatin assembly be observed if NAP1 is not present*?

Our interpretation of these comments is that we need to test the NAP-independent chromatin assembly function of Chd1 in the presence or absence of both ATP and NAP1. With regard to this point, I should mention that we did publish the chromatin assembly activity of wild-type *Drosophila* Chd1 by itself (no NAP1) in [@bib24] \[attached; see [Figures 2 and 4](#fig2 fig4){ref-type="fig"}\]. We found that wild-type Chd1 does not exhibit chromatin assembly activity without NAP1, even in the presence of ATP. We can repeat the same experiments with the mutant Chd1 proteins in the absence vs. presence of NAP1 and ATP, if desired. Given, however, that the wild-type protein lacks any detectable chromatin assembly activity in the absence of NAP1, it does seem unlikely that the mutant proteins will somehow have gained this activity. Nevertheless, if the reviewers wish for us to perform this experiment, we will.

*The usage of ATP could really differentiate the chromatin assembly mechanisms of ATP-dependent chromatin remodelers and histone chaperones, and the question is therefore important*.

Since we have previously shown that Chd1 alone (no NAP1) does not assemble chromatin ([@bib24]), doesn\'t that already demonstrate a difference between the ATP-dependent motor proteins and histone chaperones? Also, in the present manuscript, we demonstrated the ATP dependence of Chd1 function by the use of ATP vs. AMP-PMP.

The main point of this paper is that ATP-dependent chromatin assembly is functionally distinct from ATP-dependent chromatin remodeling, as in the title. In addition, wild-type Chd1 by itself (no NAP1) does not assemble chromatin in the presence of ATP. Therefore, it is difficult to see how characterization of the ATP-dependence of the wild-type and mutant Chd1 proteins by themselves (no NAP1) would affect the conclusion of this work. Perhaps some clarification would be useful here.

*Additionally, nucleosome assembly is monitored solely by the change in negative supercoiling in 1D gels. Thus, it is not clear how many nucleosomes are being assembled in these reactions. Typically 2D gels are the gold standard for assembly reactions, and if a 2D gel system was used, the authors could actually quantify the number of nucleosomes/nM Chd1/min; numbers that are more informative and accurate*.

Over the past 24 years, we have used 2D gels on many occasions in other papers to analyze the properties of chromatin with up to four samples at a time (but typically just one or two samples). Given the limit of about four samples per gel, we would need to run samples in one series of experiments on multiple different gels. It would be difficult and essentially impossible to obtain reliable data for the comparison of different samples on different gels. Even within a single 2D gel there can be some variations due to the relatively long distances the DNA samples travel in two different dimensions. In other words, it just doesn\'t seem realistic or feasible to run all of the supercoiling samples on 2D gels. In our experience, we can generate the most consistent and reliable data for the comparison of a series of multiple samples with 1D gels. If our experiments had involved the quantitative analysis of two or three samples, we would have used 2D gels as we have in the past. In other words, while 2D gels can provide information on the relative amounts of differently supercoiled species of a plasmid, we do not recommend their use in the comparative analysis of a series of samples.

If we did the 2D gels, we might get different numbers, but I would not be confident that they would be more accurate or more informative. In addition, I do not really see how obtaining the data in units of number of nucleosomes/nM Chd1/min will change the conclusions of this paper.

*With the exception of the 1D supercoiling analysis, there is little evidence that the altered Chd1 is actually assembling nucleosomes. In the MNase digestion assays, there is virtually no difference in the ladders -/+ Chd1. It looks like chaperone by itself. In fact, in some cases the chaperone only lanes produce fairly good tri-nucleosome arrays. Even with Chd1, there is quite a bit of subnucleosomal product generated at fairly low MNase concentrations. The authors should present a longer MNase digestion series until the limit digest is observed*.

To test this idea, we performed a series of experiments with higher MNase concentrations. We found, however, that we were not able to obtain small chromatin fragments at the high concentrations of mutant Chd1 proteins used (e.g., the Chd1 might be binding to the DNA and inhibiting nucleases). Hence, in this specific case, we have carried out the experiments but were not able to obtain unambiguous data.

\[Editors' note: the authors requested clarification from the editors, which is shown below.\]

*1) First, the manuscript (and title) seem to imply at times that CHD1 alone has chromatin assembly functions, hence comment 1. The authors should simply emphasize throughout the text that the CHD1 chromatin assembly function requires a histone chaperone and cannot be performed in vitro by CHD1 alone. With that information in mind, it will be pointless for them to repeat CHD1 chromatin assembly with mutant CHD1.*"

The revised manuscript now clearly indicates that chromatin assembly by Chd1 requires a histone chaperone and that Chd1 alone cannot assemble chromatin. The emphasis of this point will essentially eliminate any misunderstanding of the properties of Chd1 in the absence of a histone chaperone.

*2) Regarding the information garnered from 1D vs. 2D gels. Though 2D gels may provide more information, you are right in saying it is unlikely to change the conclusion of this manuscript. It may however help with the following comment.*"

Yes, we agree that it is unlikely that the addition of 2D gel data would change the conclusions of this manuscript. We further note that 2D gels are large and unwieldy. The use of 2D gels in this study would require the direct comparison of data from multiple independent gels, and it is questionable whether quantitative data from separate gels could be compared in a meaningful manner. For this study, we felt that it would be best to compare multiple 1D gel samples that are run in parallel on the same gel.

3\) *Unfortunately, the reviewer is correct in stating that the main evidence suggesting chromatin assembly in mutant CHD1 solely relies on the DNA supercoiling analyses. Though technically challenging, a second technique unambiguously concluding the same therefore remains high desirable*.

We have successfully addressed this point. The editors indicated the desirability of demonstrating nucleosome assembly by the mutant Chd1 proteins by using a technique other than the DNA supercoiling assay.

To this end, we performed parallel chromatin assembly reactions with wild-type or mutant Chd1 proteins, digested the reaction products extensively with micrococcal nuclease, and then analyzed the resulting DNA fragments (new [Figure 1D](#fig1){ref-type="fig"}) and chromatin particles (new [Figure 1E](#fig1){ref-type="fig"}). As shown in the new [Figure 1E](#fig1){ref-type="fig"}, we observed ATP-dependent stimulation of the formation of core particles by both wild-type and mutant Chd1 proteins. Hence, we now have used two different assays to provide evidence of nucleosome assembly by the mutant Chd1 proteins.
